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On Osmotic Heat Powered Cycles Driven by Thermal
Saturation-Precipitation of Aqueous Solutions∗
The basis of a novel concept for osmotic heat powered cycles driven by the thermal dependence
of the solubility of aqueous solutions inducing the continuous thermal precipitation/dissolution of
solute is outlined. In this osmotic concept, given an aqueous solution with a temperature near
to its temperature of saturation, if an external thermal input is applied (either by heating or
cooling the solution depending of the specific thermal dependence of the solubility) then, partial
precipitation of the solute takes place. By separating the solute precipitate from the remaining
depleted solution -generally referred as supernatant, and restoring its initial temperature, the net
result is the conversion and storing of thermal energy into osmotic energy contained in two streams
with different salinities which can be released only when both streams are deliberately mixed by
using a semi-permeable membrane. Utilizing a simplified physical model, a first estimation for the
the maximum extractable energy per unit of volume of solution was calculated. The specific cases
for some common salts were compared. Additional R&D is required in order to arrive at a reliable
practical and commercial design.
Keywords. Thermal solubility of aqueous solutions; Osmotic heat engines; Pressure-retarded
osmosis, (PRO); Salinity power, Renewable energy.
1. Introduction
The possibility to extract energy from salinity gra-
dients has been investigated at least from the second
half of the last century. Back to the 1950s, Pattle, [1]
was perhaps the first to mention the untapped source
of power obtainable when a river mixes with the sea,
and in the 1970s, the first method and apparatus for
generating power was presented, [2], [3]. Since then, and
motivated specially by the growing interest for the use
of clean renewable energy sources in the last decades,
harnessing the energy released during the spontaneous
mixing of two solutions of different salinities has shown
an important revival and several research aspects such
as real performance [4]; thermodynamic efficiencies
[5]; practical limit of energy production [6]; membrane
technology [7], [8]; and designs [9], has been addressed.
Among the applications offered by the technology one of
the most interesting prospects is the possibility to run
heat powered cycles.
Osmotic heat powered cycles or also called as osmotic
heat engines (OHEs) are heat cycles in which an engine
is harnessing salinity gradients as source of energy gen-
eration. Although there are different techniques to run
such engines with continuous concentration gradient flow
[10],[11] as well as designs [12], however, all of them are
based in collect low grade thermal energy to concentrate
a salt solution, which can be performed by, for example,
vaporization, and then releasing continuously the chem-
ical potential energy by using semipermeable membrane
allowing the solvent to pass to the concentrated solution
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side by osmosis and then creating an hydraulic pressure
to run, say, a turbine,[13]. Therefore, the main disadvan-
tage of those heat engines is the poor efficiency limited by
the high heat of vaporization of the working fluid needed
for re-concentrate the draw solution, [14].
The object of the present work was to analyze a
different approach based in the thermal dependence of
the solubility featured by aqueous solutions. Here, it will
be shown that by the proper choice of the concentration
of a given common aqueous solution an osmotic heat
engine can be driven by alternating solute precipitation
and mixing when heat is either applied (by heating
the solution) or extracted (by cooling the solution)
depending of the thermal behavior of the solubility of
the solution.
2. Materials and Methods
2.1 Statement of the core idea
Consider the thermal cycle depicted in Fig. 1, where
for the sake of argument it was chosen a solution which
increases its solubility with the temperature but the
concept is equally valid for solutions featuring the
opposite behavior, i.e., decreasing its solubility with
temperature as is shown in Fig. 2. The meaning of the
various terms in Fig. 1 are defined in the nomenclature.
To begin with, fix the given aqueous solution with an
initial temperature, say, T2 and concentration Co -which
is just below its saturation concentration at that temper-
ature (i.e., below of S2 as depicted in Fig. 1). Therefore,
initially the aqueous solution is in an ”undersaturated”
state.
Now, if a thermal shift occurs and temperature de-
crease from T2 to T1 and crossing the line of solubility,
then the initial concentration Co is now higher than the
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FIG. 1: The basis of the proposed osmotic heat engine driven
by the precipitation of saturated aqueous solutions.
saturation concentration S1 at T1, and then the initial
unsaturated solution is now in a ”supersaturated” state
and as a result precipitation takes place and a certain
fraction of dissolved solute precipitate. Therefore, one
requirement to run this osmotic heat cycle is that the
initial concentration of the aqueous solution be under-
saturated at its initial temperature and supersaturated
at the final temperature, i.e., satisfying
S2 > Co > S1 (1)
Once supersaturation occurs, the excess of solute pre-
cipitate and can be easily separated by using a proper
filter. At this point, we have on one hand a homoge-
neous solution which has been depleted of solute - gen-
erally referred as supernatant, and on the other hand a
heterogeneous solution containing the precipitate solute.
Now referring to Fig. 1, if the total volume of the so-
lution is separated into two volumes one with a volume
fraction (x) containing the depleted supernatant with the
concentration S1 which is actually the maximum concen-
tration allowed at T1, and another volume with fraction
(1− x) containing the suspended solute precipitate, and
if both volumes are heated until recovering the initial
temperature T2, then the suspended heterogeneous so-
lute contained in the volume of fraction (1−x) is totally
dissolved forming a homogeneous solution. If the proper
fraction (x) was chosen it is possible that the dissolved
solute in the fraction (1 − x) get the maximum satura-
tion concentration at T2, i.e., S2 and then maximizing
the gradient of salinity between both streams which is
desired for extractable osmotic energy upon mixing.
This rather simple, robust and inexpensive thermal
process could find several applications, for example,
in solar thermal energy as is illustrated in Fig. 3, or
FIG. 2: Solubility vs. temperature for a variety of salts. Data
are taken from [16]. Particulary interesting is KNO3 because
the strong dependency of the solubility with temperature as
well as the broad range of temperature allowed.
even as a new kind for long thermal storage energy if
one considers that the osmotic energy can be stored
indefinitely and only released when deliberately both
streams are put together and then eliminating the lim-
ited storage provided by sensible or latent heat systems
which unavoidably loss energy with the environment or
require additional insulation systems.
As regard the operation of the osmotic engine,
this will operate as a traditional pressure-retarded
osmosis (PRO) process, with the only exception that
a precipitator-module will be required. In traditional
OHEs, the high concentration draw solution and the low
concentration feed stream are pumped into the opposite
side of the membrane module by the add of a pressure
exchanger (PEX) which basically transform the osmotic
energy released by the mixing into an effective hydraulic
pressure gradient which propels the fluid in the system.
By the use of a turbine this flow can be used to generate
power, [15].
As mentioned before, the only difference with the tra-
ditional OHEs, is the need for a precipitator-module with
the purpose of continuous separation of the heteroge-
neous suspended solute from the supernatant. However,
because the expected Stokes number Stk is extremely
low, the precipitator module can removes the suspended
solute in a continuous and simple way as depicted in Fig.
4 and also by the same motive sedimentation at the bot-
tom of the vessel doesn’t occur. Indeed, the Stokes num-











































































where ρp is the solute particle density, dp is the solute
particle diameter, μ the liquid dynamic viscosity, uo
is the fluid velocity ad lo the characteristic dimension
of the system. Very small Stokes number means that
particles will follow the fluid streamlines closely, which
translate into the possibility that particles can be remove
just by interposing a filter and bifurcating the main
stream, as depicted in Fig. 4. It is easy to see, that with
ρp ≈ 103 kg/m3; dp ≈ 1μ m; uo ≈ 10−2 m; μ ≈ 10−3
Pa.s; and lo ≈ 1 m, this possibility for the precipitator
is valid.
FIG. 4: Precipitator module for continuous removal of sus-
pended solute. Owing to the small Stokes number solute par-
ticles will follow closely stream lines and then sedimentation
at the bottom of the vessel doesn’t occur.
2.2 Extractable energy
Bearing the above simplified scheme in mind, we can
proceed with some theoretical treatment.
First of all, it is necessary to calculate the required
volume fraction (x) which allows the mentioned cycle.
This calculation may be easily found by a balance of mass
of the solute before and after the precipitation takes place
as
Co = S1x+ S2(1− x) (3)
and then the volume fraction of the feed given by
x =
S2 − Co
S2 − S1 (4)
where the mixed solution Co must satisfy the relation-
ship given by Eq.(1), i.e., S2 > Co > S1.
The maximum energy available from the osmotic mix-
ing may be estimated by the amount of Gibbs free en-
ergy per mole of mixed solution generated from mixing
two solutions of different salinities in an isothermal and
reversible process. Then, it must be considered that the
next calculation reported result from an idealized pro-
cess and therefore this should not be misconstrued as an
attempt to typify estimates. Nonetheless, the idealized
case will provide an upper limit and then will provide












































of Gibbs free energy per mole of mixed solution gener-
ated from mixing two solutions of different salinities in
an isothermal and reversible process is given by
−ΔGnm
iRT
= fM ln(γMfM )− nF
nM




where i is the vant´Hoff factor for electrolytes (e.g,
i = 3 for Na2SO4; i = 2 for NaCl, etc...), R is the gas
constant; T is absolute temperature; and f ; n; and γ are
the mole fraction of species, total moles of the species
and activity coefficients of species , and the subscripts
M ; F ; and D stand for the mixed, feed and draw so-
lutions, respectively. When the solution is perfectly di-
luted or ideal, the activity coefficients are approximated
equal to 1 and in this case the expression is simplified
notoriously, [4]. However, for the present case working
with concentrations near or at the saturation point the
above approximation is not longer valid. The deviation
of Eq.(5) from the ideal case can be calculated by con-
sidering the osmotic coefficients θM , θF and θD of each
specie and yields .
ΔGnm
iRT
= θMfM ln(fM )− nF
nM










These osmotic coefficients give the deviation of a sol-
vent from ideal behavior and are dependent on the con-
centration of each species, where for an ideal (infinite
dilute solution) they are equal to unit. Fig. 5 shows as
an example the osmotic coefficient for NaSO4, [26] and
NaCl, [25] and KNO3. If the solubility of the given so-
lution doesn’t changes appreciably with changes in tem-
perature or the change in temperature in the cycle is not
very strong, the molar concentrations cM ; cF ; cD in the
mixed, feed, and draw solutions could be not very dif-
ferent, and then it could be allowable to assume as first
approximation that the osmotic coefficients are approx-
imately equal, i.e., θM ≈ θF ≈ θD = θ. Further, if it
can be considered negligible the volume of the solute to
the volume of solution, the ratios of total moles in Eq.(5)
can be given by the volume fractions as nFnM ≈ φ; and
nD
nM
≈ 1 − φ, and then, the change of Gibss energy of
mixing per volume of total mixed solution simplifies as
FIG. 5: Osmotic coefficient for Na2SO4, [25], and NaCl,[26],




≈ θ [cM ln(cM )− φcF ln(cF )− (1− φ)cD ln(cD)]
(8)
which after replacing cM = Co; cF = S1; cD = S2; and
φ = x, we obtain
ΔGvm ≈ iRTθ [Co ln(Co)− xS1 ln(S1)− (1− x)S2 ln(S2)]
(9)
where x is given by Eq.(4).
3. Discussion and Results
3.1 Discussion
To obtain some idea of the extractable energy pre-
dicted by Eq.(9) , we will analyze the specific case for
the aqueous solution Na2SO4, Na2HAsO4 and KNO3
which were chosen because the strong dependence of
the solubility with temperature, as is shown in Fig. 2.
For Na2SO4 the temperature was between 278 K to
323 K, i.e., ΔT = 45 K; for Na2HAsO4 between 288
K to 353 K, i.e., ΔT = 65 K, and for KNO3 between
282 K to 357 K. , i.e., ΔT = 75 K. The resulting curves
are shown in Fig. 6 for Na2SO4, Na2HAsO4 , and
deserving special consideration the case for KNO3 in
Fig. 7 which due to its strong thermal dependence of
solubility plus the broad temperature range allows a con-
siderable larger amount of energy per volume of solution.
3.2 Osmotic power
One of the major aspects to be considered in the ther-
mal osmotic system is the attainable power density per
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FIG. 6: Specific Gibbs free energy of mixing for Na2SO4 so-
lution ΔT = 45 K; and Na2HAsO4 with ΔT = 65 K.
FIG. 7: Specific Gibbs free energy of mixing for KNO3 solu-
tion ΔT = 75 K.
membrane area of a module which is limited by the slow
rate of media transfer through the membrane and then
fixing the rate at which work can be done by the cycle.
The power density per membrane area generated in the
system,Ws, is approximately equal to the flow rate across
the membrane Q per membrane area Am multiplied by
the hydraulic difference ΔP , i.e., Ws ≈ QAmΔP ,[4]. On
the other hand, the water flux across the membrane per
membrane area QAm may be defined in terms of the mem-
brane water permeability coefficient A, the osmotic pres-
sure difference at the draw side and the feed side of the
membrane , (πd − πf ), the hydraulic pressure ΔP differ-
ence across de membrane,[28]
Q
Am
= A [(πd − πf )−ΔP ] (10)
and therefore the power density per membrane area of
a module as
Ws = AΔP [(πd − πf )−ΔP ] (11)
the value of ΔP which maximizes the power density
is given when the derivative with respect ΔP is zero,
which occurs when ΔP =
(πd−πf )
2 and then the maxi-
mized power density w∗s given by
W ∗s =
A(πd − πf )2
4
(12)
or considering the expression for the osmotic pressure
as function of concentration πi = iRTci






In the above equation, it is easy to see that the power
is maximized by maximizing the salinity gradient which
is obtained by using the fraction feed (x) calculated in
previous section. Finally, for many of the aqueous solu-
tions composed by common salts the thermal dependence
with solubility is almost linear (see Fig. 2), and then if
it is allowable to define a coefficient of thermal solubility
as Σs given by
ΔS ≈ ΣsΔT (14)
then Eq.(13) can be rewritten as






The above expression, give us the power of the cycle
as function of the thermal gradient. It is seen that the
aqueous solutions which have large coefficients of ther-
mal solubility Σs and also a broad range of temperature
ΔT will be able to generate more power, and because
the dependence if squared ∝ (ΣsΔT )2 it is imperative
to use salts with large numbers for Σs and which allows
working with a broad range of temperatures.
To obtain an idea of the power density predicted by
Eq.(15) we assume a typical value of the permeability
coefficient for commercial membranes A ≈ 2 l/(hm2bar).
The resulting curves are shown in Fig. 6 for Na2SO4, and
KNO3. It is seen that for moderate thermal gradients
ΔT ≈ 30 K, the density powers per unit membrane area
could be around 40 W/m2 to 400 W/m2, depending of
the salt used, and up to 0.2 kW/m2 to 2 kW/m2 for














































































FIG. 8: Attainable power density per membrane area as func-
tion of the difference of temperature ΔT for Na2SO4 and
KNO3 .
ΔT = 70 K.
Although the previous calculation allow us a first
estimate of the achievable power by the proposed
osmotic engine, however, caution must be taken. The
power reported result from unavoidable idealizations
required if one desires analytical expressions and are
therefore not intended to typify power estimates. The
efficiency of any osmotic engine is very sensitive to the
membrane efficiency and performance determined mostly
by the membrane water permeability coefficient which
is nowadays a subject with a vigorous investigation and
where significant enhancements with the use of carbon
nanotubes (CNTs) are periodically reported, [29]. In
addition, because the complexity of the osmotic mecha-
nism, the water permeability coefficient could be either
enhanced or lowered by working at high concentration
gradients whose behavior could be also dependent of the
specific salt used. Likewise, the lifetime of the membrane
working in such high concentration gradients must be
in future experimental studies properly addressed. As
regard to the kind of salts, it seems that common and
inexpensive salts can be good candidates, and it is
plausible that ”designer solutions” could be patented
depicting unusual high thermal dependence of the solu-
bility which translate into an important enhancement of
the attainable power (see Fig. 2 and Fig. 8).
In summary, despite the several uncertainties raised with
the proposed concept, the present study will provide
important guidance in future efforts to analyze this new
kind of osmotic heat engine and encourage a careful
experimental investigation of the subject. Additional
R&D is required in order to arrive at a reliable practical
and commercial design.
4. Summary of results and conclusions
An osmotic heat engine working by the cyclic thermal
precipitation and mixing of aqueous solutions close to
the saturation was discussed and the theoretical basis
outlined. Some interesting conclusions result from this
preliminary work as follows:
(a) Thermal dependence of solubility of aqueous solu-
tions can be used to run an osmotic heat powered
cycle by the proper choice of the concentration of
the aqueous solution.
(b) It is seen that for moderate thermal gradients
ΔT ≈ 30 K, the density powers per unit membrane
area could be around 40 W/m2 to 400 W/m2, de-
pending of the salt used, and up to 0.2 kW/m2 to
2 kW/m2 for ΔT = 70 K.
(c) Additional R&D is required in order to arrive at a
reliable practical and commercial design.
Nomenclature
aa
A = permeability coefficient of the membrane
Am = area of the membrane
c = concentration
dp = diameter of solute particle
f = mole fraction of species
ΔG = free Gibbs energy per unit volume of solution
i = the vant´Hoff factor for electrolytes
Δnm = number of moles precipitated per volume
ΔP = hydraulic pressure
Q = flow rate across the membrane
R = ideal gas constant
S = saturated concentration
Stk = Stokes number
ΔT = difference temperature
T = temperature
V = volume
x = volume fraction of the low-concentration solution
(feed)
Greek symbols
ρ = density of the solvent
ρp = density of the solute
ρ̄ = equivalent density of the solution
μ = dynamic viscosity
π = osmotic pressure
θ = osmotic coefficient
Σs = solubility thermal coefficient defined by Eq.(??)
γ = activity coefficient
subscripts symbols
o = initial, reference
1 = low salinity concentration, low temperature
2 = high salinity concentration, high temperature
D = high salinity concentration (draw)























F = low salinity concentration (feed)
M = mixture
p = solute particle
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